INTRODUCTION

75
Aerenchyma formation is a morphological adaptation of plants to complete 76 submergence and waterlogging of the soil, and facilitates internal gas diffusion (Armstrong, 77 1979; Jackson and Armstrong, 1999; Colmer, 2003; Voesenek et al., 2006 ; Bailey-Serres and 78 Voesenek, 2008; Licausi and Perata; Sauter, 2013; Voesenek and Bailey-Serres, 2015) .
79
To adapt to waterlogging in soil, rice develops lysigenous aerenchyma in shoots (Matsukura 80 et al., 2000; Colmer and Pederson, 2008; Steffens et al., 2011) and roots (Jackson et al., 81 1985b; Justin and Armstrong, 1991; Kawai et al., 1998) , which is formed by programmed cell 82 death and subsequent lysis of some cortical cells (Jackson and Armstrong, 1999; Evans, 2003;  83 Yamauchi et al., 2013) . In rice roots, lysigenous aerenchyma is constitutively formed under 84 aerobic conditions (Jackson et al., 1985b) , and its formation is further induced under 85 oxygen-deficient conditions (Colmer et al., 2006; Shiono et al., 2011) . The former and latter (Voesenek and Blom, 1989; Voesenek et al., 1993; Visser 89 et al., 1996a; 1996b; Lorbiecke and Sauter, 1999; Steffens and Sauter, 2009; Hattori et al., 90 2009; van Veen et al., 2013) . Ethylene also induces lysigenous aerenchyma formation in roots 91 of some gramineous plants (Drew et al., 2000; Shiono et al., 2008) . The treatment of roots 92 with ethylene or its precursor [1-aminocyclopropane-1-carboxylic acid (ACC)] stimulates 7 (Yasuno et al., 2009 ). The mutation results in several mutant phenotypes, although the 140 substrates of RCN1/OsABCG5 have not been determined (Ureshi et al., 2012; Funabiki et al., 141 2013; Matsuda et al., 2014) . We previously found that the rcn1 mutant has abnormal root 142 morphology, such as shorter root length and brownish appearance of roots, under stagnant 143 (deoxygenated) conditions (which mimics oxygen-deficient conditions in waterlogged soils).
144
We also found that the rcn1 mutant accumulates less of the major suberin monomers 145 originating from VLCFAs in the outer part of adventitious roots, and this results in a reduction 146 of a functional apoplastic barrier in the root hypodermis (Shiono et al., 2014a) .
147
The objective of this study was to elucidate the molecular basis of inducible 148 aerenchyma formation. To this end, we examined lysigenous aerenchyma formation, and ACC, 
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Adventitious roots at 20-to 40-mm-length were used for the experiment. After the treatments, 167 transverse sections of each position of the adventitious roots were prepared (Fig. 1A) , and the 168 percentages of each cross-section occupied by aerenchyma was determined (Fig. 1B) . In the 169 wild type, aerenchyma formation was initiated at 10 mm from the tips of the adventitious 170 roots under stagnant conditions, and its formation was further increased towards the basal part 171 of roots (Fig. 1B) . The percentages of aerenchyma formation in the wild type were 172 significantly greater under stagnant conditions than under aerated conditions, whereas the 173 percentages of aerenchyma formation in the rcn1 mutant did not increase under stagnant 174 conditions (Fig. 1B) . In a time-course analysis of aerenchyma formation at 10 mm from the 175 tips of adventitious roots, induction of aerenchyma formation started at 36 h after the 176 initiation of growth under stagnant conditions in the wild type (Fig. 1C) . Hardly any 177 aerenchyma formed at 10 mm from the tips of adventitious roots in the rcn1 mutant (Fig. 1C ).
178
Although aerenchyma formation was not induced under stagnant conditions, some 179 aerenchyma was still formed at 20 mm from the tips of adventitious roots in the rcn1 mutant 180 under both aerated and stagnant conditions (Fig. 1D) . To determine whether the weak aerenchyma formation under stagnant conditions in 185 the rcn1 mutant could be due to reduced ethylene production, 20-d-old aerobically-grown rice 186 seedlings were transferred to aerated or stagnant conditions, and gases contained within their 187 roots were collected for gas chromatography analysis. The patterns of aerenchyma formation 9 in adventitious roots of 20-d-old seedlings were very similar to those of 10-d-old seedlings 189 (Supplemental Fig. S2 ). The content of ethylene in the roots of the wild type first increased at 190 6 h and peaked at 12 h after the initiation of growth under stagnant conditions (Fig. 2) , and the 191 content of ethylene in the roots was significantly lower in the rcn1 mutant than in the wild 192 type under stagnant conditions (Fig. 2) .
193
The rice genome has six genes encoding ACSs (ACS1 to ACS6) and six genes 194 encoding ACOs (ACO1 to ACO5, and ACO7) (Iwai et al., 2006) . To investigate the transcript 195 levels of these genes in adventitious roots, 10-d-old rice seedlings were transferred to aerated expressed more strongly under stagnant conditions than under aerated conditions ( Fig. 3; 
201
Supplemental Fig. S3 ). Expression of ACO7 was not detected in our experimental conditions.
202
In adventitious roots of the wild type, the transcript level of ACS1 gradually increased under 203 stagnant conditions (Fig. 3A) , and that of ACO5 increased and peaked at 12 h after initiation 204 of growth under stagnant conditions (Fig. 3B) . Moreover, the absolute transcript levels of 205 ACS1 and ACO5 were the highest among the ACS and ACO genes at 12 h (Fig. 3C,D) . The 206 transcript level of ACS1 was significantly lower in the rcn1 mutant than in the wild type under 207 stagnant conditions (Fig. 3C) , whereas the transcript level of ACO5 was comparable between 208 the wild type and the rcn1 mutant (Fig. 3D ).
209
To examine whether the weaker induction of ACS1 expression in the rcn1 roots 
12
To examine whether treating the rcn1 mutant with ACC or ethephon (an 221 ethylene-releasing compound) can induce aerenchyma formation, 10-d-old aerobically grown 222 wild type seedlings were grown under aerated conditions for an additional 48 h with or 223 without ACC or ethephon treatments (Fig. 4) . Both ACC and ethephon dose-dependently 224 induced aerenchyma formation at 10 mm from the tips of adventitious roots in the wild type 225 (Fig. 4A,B) . Less aerenchyma formed in the roots treated with 10 and 20 μM ACC in the rcn1 226 mutant than in the wild type, but aerenchyma formation in 40 μM ACC-treated roots was 227 comparable between the wild type and the rcn1 mutant (Fig. 4A ). Ethephon treatment also 228 induced aerenchyma formation in the rcn1 roots (Fig. 4B) . At 20 mm from the root tips, some 229 aerenchyma formed even under aerated conditions (white bars in Supplemental Fig. S5 ). Aerenchyma formation stimulated by 20 μM ACC treatment was significantly less in 233 the rcn1 mutant than in the wild type (Fig 4A) . To examine whether it was due to less 234 ethylene production in the rcn1 roots, we measured the ethylene content in roots of the wild 235 type and the rcn1 mutant grown under aerated conditions with or without 20 µM ACC 236 treatment for 24 h (Supplemental Fig. S6 ). The ethylene content in the roots of the wild type 237 and the rcn1 mutant was significantly increased by the ACC treatment, but the increase was 238 ~2.3-fold higher in the wild type than in the rcn1 mutant (Supplemental Fig. S6 ). This 239 suggests that the smaller increase of aerenchyma formation is due to a reduced protein level 240 and/or lower enzyme activity of ACO in the rcn1 roots under aerated conditions. Saturated VLCFAs were reported to stimulate ethylene biosynthesis, which promoted 245 cotton fiber growth and Arabidopsis cell elongation (Qin et al., 2007) . We previously reported 246 that the amount of major suberin monomers originating from VLCFAs was reduced in roots 247 of the rcn1 mutant grown under stagnant conditions (Shiono et al., 2014a) . From these 248 evidences, we speculated that the accumulation of VLCFAs in adventitious roots was also 249 reduced in the rcn1 mutant, thereby suppressing the increase of the ethylene biosynthesis and 250 the induction of aerenchyma formation in the rcn1 mutant.
251
To examine this possibility, we measured the fatty acid content in the apical regions 252 (i.e., segment at 10-30 mm from the tips) of the adventitious roots of the wild type and the (Fig. 6A) . Subsequently, the expression of ACS1 was analyzed at 10 mm from the tips 271 of adventitious roots with or without treatment of 50 μM C 26:0 in the wild type and the rcn1 272 mutant (Fig. 6B) . Treatment with C 26:0 induced ACS1 expression in the adventitious roots of 273 both the wild type and the rcn1 mutant, even under aerated conditions (Fig. 6B) . VLCFA biosynthesis is inhibited by some herbicides, such as cafenstrole, which 278 inhibits the activity of very-long-chain fatty acid elongase (i.e., KCS) (Trenkamp et al., 2004; 279 Nobusawa et al., 2013) . To assess the effects of KCS inhibition on aerenchyma formation and 280 the ACS1 gene expression, 10-d-old rice seedlings were transferred to stagnant conditions and 281 grown for 48 h with or without cafenstrole treatment. As a result, aerenchyma formation at 10 282 mm from the tips of adventitious roots in the wild type was inhibited by treatment with 0.01 283 or 0.05 μM cafenstrole in a dose-dependent manner (Fig. 7A ). In the wild type grown under 284 stagnant conditions, 0.05 μM cafenstrole suppressed ACS1 expression at 10 mm from the tips 285 of adventitious roots (Fig. 7B ) and suppressed the increase of ethylene content in the roots 286 (Fig. 7C) . The reduction of aerenchyma formation in wild type rice seedlings by cafenstrole 287 was rescued by treatment with ACC in a dose-dependent manner (Fig. 7D) . In Arabidopsis, CUT1 is mainly responsible for the elongation of VLCFAs of ≥ 24 292 carbon lengths (Millar et al., 1999) . Thus, the CUT1-like (CUT1L: Os03g0220100) gene, 293 which has the highest homology to the Arabidopsis CUT1 gene among rice KCS gene family,
294
was chosen for qRT-PCR analysis. We investigated the transcript levels of CUT1L and
295
RCN1/OsABCG5 at 10 mm from the tips of adventitious roots in the wild type and the rcn1 296 mutant. The expression of CUT1L and RCN1/OsABCG5 started to increase in the wild type 297 within 6 h after the transfer to stagnant conditions, whereas their inductions were suppressed 298 in the rcn1 mutant (Fig. 8A,B) . 
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and grown for 36 h, and then central cylinder (CC), cortex (Co) and outer part of the roots 324 (OPR) were collected using the tissue sections at 10 mm (±2 mm) from the tips of the 325 adventitious roots by laser microdissection (LM). Interestingly, the transcript levels of 326 RCN1/OsABCG5, CUT1L and ACS1 were increased specifically in the OPR under stagnant 327 conditions (Fig. 10A ,B,C), although the transcript level of CUT1L in the CC was also slightly 328 increased under stagnant conditions (Fig. 10B ). By contrast, transcript level of ACO5 was 329 increased in all the root tissues examined in this study (Fig. 10D ). In this study, we found that the increase of the amount of ethylene in the adventitious 335 roots grown under stagnant conditions was less in the rcn1 mutant than in the wild type ( Fig.   336 2), thereby reducing the inducible aerenchyma formation in roots of the rcn1 mutant (Fig. 1 ).
337
Among ethylene biosynthesis genes [i.e., ACS genes (ACS1 to ACS6) and ACO genes (ACO1 338 to ACO5, and ACO7)], only ACS1 gene expression was significantly reduced in adventitious 339 roots of the rcn1 mutant under stagnant conditions (Fig. 3) . Moreover, the increase in ACC (Fig. 8A ). In Arabidopsis, it is known that CUT1 is mainly involved in the 352 elongation of VLCFAs of ≥ 24 carbon lengths (Millar et al., 1999) . In Arabidopsis, conditions. Similarly, in cotton, saturated VLCFAs enhanced the expression of GhACO genes 377 encoding ACC oxidase, thereby increasing the ethylene amounts in ovules during elongation 378 of fiber cells (Qin et al., 2007) . In addition, in the Arabidopsis cut1 mutant, both AtACO gene 379 expression and cell elongation were decreased and both the AtACO gene expression and cell 380 elongation were rescued by exogenously supplied saturated VLCFAs (Qin et al., 2007) . The 381 expression of six GhKCS genes, two GhACO genes and one GhACS gene was also 382 down-regulated in ovules of a mutant with delay of fiber initiation in cotton (Padmalatha et al., 383 2012). In the present study, the reduced CUT1L expression in the transgenic (Fig. 9B) , which caused the reduction of the inducible 386 aerenchyma formation in adventitious roots (Fig. 9C,D) as in the case of the rcn1 mutant.
387
These results supported that VLCFAs, which are produced by KCSs, control the ethylene genes encoding VLCFA biosynthesis enzymes (Takasugi and Ito, 2011; Tsuda et al., 2013) .
404
In Arabidopsis, VLCFAs are involved in subcellular distribution of the auxin efflux carrier 405 PIN FORMED1, and are required for normal polar auxin transport and tissue patterning 406 during development (Roudier et al., 2010) . Altered auxin distribution was also speculated to 407 be one of reasons for the misregulation of auxin-related gene expression and the abnormal 408 shoot development in the VLCFA-related mutant in rice (Takasugi and Ito, 2011 (Kulichikhin et al., 2014; Shiono et al., 2014b) . The OPR-specific induction of expression of 414 RCN1/OsABCG5 (Fig. 10A) and CUT1L (Fig. 10B) was consistent with the results in the 415 previous studies (Shiono et al., 2014a; . Interestingly, we found that ACS1 expression 416 was also induced in the OPR under stagnant conditions (Fig. 10C) , suggesting that the 417 ACS1-mediated ACC biosynthesis is stimulated by VLCFAs predominantly in the OPR.
418
Based on these results, we can think of two possible mechanisms for control of aerenchyma Under waterlogging in soil, excess water limits gas diffusion (Setter and Waters, 2003) . The (Fig. 10C) , the expression level of ACO5 is increased in cortical cells 430 under stagnant conditions (Fig. 10D) , and thus the ethylene production in the uncollapsed 431 cortical cells may also contribute to the induction of aerenchyma formation in rice roots.
432
Another possible mechanism is that ACC is synthesized by ACS1 in the OPR, and 433 subsequently ACC is translocated to the cortical cells, where ACO5 is highly expressed (Fig.   434   10D ). In tomato, ACC produced in the roots is translocated to the shoots through the xylem 435 and then is converted to ethylene in the shoots (Bradford and Yang, 1980; English et al., 1995) .
436
The translocation of ACC from roots to shoot was also suggested to support the early ethylene 437 production of Rumex species in response to soil waterlogging (Voesenek et al., 1990) .
438
Similarly, the ACC translocation from the OPR to the cortical cells may be involved in the 439 inducible aerenchyma formation in rice roots.
440
The expression of the ZmACS and ZmACO was also tissue-specific in maize grown 441 under oxygen-deficient conditions (Geisler-Lee et al., 2010 (Fig. 10C,D) . It remains unclear why the expression of genes encoding ethylene biosynthesis 448 enzymes in roots of gramineous plants under oxygen-deficient conditions is tissue specific.
449
Based on the preceding results, we propose a model for the actions of VLCFAs in 450 regulating ethylene biosynthesis and inducible aerenchyma formation in rice roots (Fig. 11) . 
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MATERIALS AND METHODS
464
Plant Materials and Growth Conditions
509
Ethylene was measured as described by Yamauchi et al (2014b) . The underground 510 parts were excised from 20-d-old rice seedlings (5 to 8 plants for each sample), and were 511 placed in a container with saturated NaCl solution. The gas released from the rice seedlings 512 under vacuum conditions was collected in a test tube using a funnel. The collected gas was 513 transferred to a gas chromatography vial, and the gas in the vial was measured by gas 514 chromatography (GC353; GL Sciences). The measurements were performed using the 515 collected gases from 3 to 4 biological replicates. water layers including ACC were transferred to 1.5-ml collection tubes, and reduced to 1.0 ml 527 in a centrifugal evaporator. Then the ACC content in the extracted water was determined by 528 chemical conversion to ethylene as described by Lizada and Yang (1979) . For fatty acid measurement, segments of adventitious roots at 10 to 30 mm from the 533 tips of adventitious roots were collected from 10-d-old rice seedlings into a 10-ml 534 screw-capped vials (3 biological replicates). The collected roots were treated with 2 ml of 5%
535
HCl in MeOH in a dry bath at 100 o C for 2 h for extraction and methanolysis of fatty acids 536 after the addition of 5 μg of margaric acid (C 17:0 ) as an internal standard, in a modification of 537 the methods described by Kunst et al. (1992) . After the mixture had been cooled, fatty acid 538 methyl esters (FAMEs) were extracted by vortexing with two portions of 2 ml of n-hexane.
539
The two portions of n-hexane were combined in a glass vial; the solvent was removed by a 540 stream of N 2 gas at 40 o C, and the residue was reconstituted in 0.5 ml of n-hexane and Table S1 . The following materials are available in the online version of this article. Values are means (n = 15) ± SE. No Significant differences were observed between the wild 972 type and the rcn1 mutant at P < 0.01 (two sample t test). 
